Background: Textile industry not only plays a vital role in our daily life but also a prominent factor in improving global economy. One of the environmental concern is it releases huge quantities of toxic dyes in the water leading to severe environmental pollution. Bacterial laccase and azoreductase successfully oxidize complex chemical structure of nitrogen group-containing azo dyes. Additionally, the presence of textile dye infuriates bacterial peroxidase to act as a dye degrading enzyme. Our present study deals with three textile dye degrading enzymes laccase, azoreductase, and peroxidase through analyzing their structural and functional properties using standard computational tools. Result: According to the comparative analysis of physicochemical characteristics, it was clear that laccase was mostly made up of basic amino acids whereas azoreductase and peroxidase both comprised of acidic amino acids. Higher aliphatic index ascertained the thermostability of all these three enzymes. Negative GRAVY value of the enzymes confirmed better water interaction of the enzymes. Instability index depicted that compared to laccase and preoxidase, azoreductase was more stable in nature. It was also observed that the three model proteins had more than 90% of total amino acids in the favored region of Ramachandran plot. Functional analysis revealed laccase as multicopper oxidase type enzyme and azoreductase as FMN dependent enzyme, while peroxidase consisted of α-β barrel with additional haem group. Conclusion: Present study aims to provide knowledge on industrial dye degrading enzymes, choosing the suitable enzyme for industrial set up and to help in understanding the experimental laboratory requirements as well. How to cite: Sarkar S, Banerjee A, Chakraborty N, et al. Structural-functional analyses of textile dye degrading azoreductase, laccase and peroxidase: a comparative in silico study. Electron J Biotechnol 2020;43. https://doi.
Introduction
Worldwide, rapid industrialization and urbanization is strongly based on the connection between environmental pollution and public welfare [1] . Large quantities of textile dyes are released through effluents every year throughout the world. Textile industry effluents contain a significant quantity of dye with many toxic metals. Approximately, 10-15% unbound azo dye are released as liquid waste every year [1] . Azo dye is the main component of textile industry that is used in dying process. However, the release of untreated or partially treated dye containing effluents, have detrimental impact on environment in terms of salinity, decreasing Biological Oxygen Demand (BOD), varying pH, increasing chemical oxygen demand (COD) and upsurge of suspended solids in the water body [1, 2] . In recent times, bacterial degradation of wastewater is known to be a successful process to clean up the environment [3] . Biological treatment is mainly based on the enzymes synthesized by the respective microorganisms. There are several microorganisms which have the ability to degrade reactive azo dyes by reducing azo bonds using flavin containing NADH or NADPH dependent azoreductase [4, 5] . The enzymatic degradation of azo dye is very advantageous as enzymes can increase the reaction rate due to its high catalytic activity. Also, the very quantity of enzymes is required to alleviate water pollution. In addition to that, enzymatic treatment is environment friendly as well as cost effective [6] . There are mainly two enzymes known to be involved in the breakdown of industrial Electronic Journal of Biotechnology 43 (2020) xxx azo dyes, namely, azoreductase and laccase [3, 7] . Furthermore, the presence of synthetic azo dye, peroxidase is also competent to degrade synthetic azo dye up to a certain extent [8, 9] .
The experimental determination of protein structure through X-ray crystallography or nuclear magnetic resonance (NMR) spectroscopy is very expensive and time-dependent. In the growing field of proteomics, computational characterization of enzymes has major significance for the data accumulation and analysis to reveal the structure/function of the enzymes in day to day life [10] . Azoreductase are of two types: membrane bound and intracellular. Intercellular azoreductase which are thermostable and hydrophilic in nature able to degrade azo dye most efficiently in general. The present study performs computational prediction of three important dye degrading enzymes: viz., laccase, azoreductase and peroxidase, using various computational tools. This study helped in decoding better protein structure, its validation and functional characters.
Materials and methods

Sequence retrieval
RCSB-PDB is a protein data bank containing experimentally determined sequence and structure of proteins. Three protein sequences of industrially important dye degrading enzymes laccase, azoreductase AzrA and peroxidase was retrieved from RCSB-PDB database [http://www.rcsb.org] in both FASTA and PDB format.
Physiochemical characterization
Computational analysis of physiochemical characters gives an idea on the nature of proteins. Physicochemical characterization of the retrieved sequences was performed using in silico ExPASy-ProtParam tool [http://web.expasy.org/protparam/] that firms the physical and chemical parameters of the protein sequences. Different parameters, viz., number of amino acids, theoretical isoelectric point (pI), grand average of hydropathicity (GRAVY), molecular weight, aliphatic index and instability index, were computed.
Primary structure analysis
In primary structure, amino acids are joined by peptide bonds forming a polypeptide chain. For wet lab experiments, different qualitative and quantitative methods like Biuret test, ion exchange chromatography is normally used [11] . In this case of computational analysis, a web-based server, GPMAW [http://www.alphalyse.com/ customer-support/gpmaw-lite-bioinformatics-tool/buy-gpmaw/] was used to analyze the primary structure of the retrieved sequences. Most common contributing amino acids and their nature had been assessed using this computational tool.
Secondary structure analysis
Normally in laboratory practice, the structure of protein is predicted by NMR (Nuclear Magnetic Resonance) spectroscopic study [11] . In this scenario, computational secondary arrangement of the retrieved protein sequences were predicted in terms of αhelices, β turn, β-sheets percentage present in the protein using an online web-based server SOPMA (Self-Optimized Prediction Method with Alignment) [https://npsa-prabi.ibcp.fr/cgi-bin/npsa_ automat.pl?page=npsa_sopma.html] [12] .
Tertiary structure analysis, homology modeling and validation
Tertiary structure of the proteins is structurally elucidated by x-ray crystallography but computationally it may be evaluated easily using some web servers. A web-based bioinformatics tool ESBRI [http:// bioinformatica.isa.cnr.it/ESBRI/input.html] was used to detect the combination of salt bridges present in the tertiary structure of the retrieved protein sequences. In this study, SAVES server [http:// servicesn.mbi.ucla.edu/SAVES/] was used to obtain high resolution 3D structure of the proteins. Homology 3D modeling of the retrieved proteins were performed using SWISS-MODEL QMEAN (Qualitative Model Energy Analysis) [https://swissmodel.expasy.org/qmean/] [13] . Three different scoring approaches were available under Swiss model workspace, viz., QMEAN, QMEANDisCo and QMEANBrane. Therefore, it was estimated to be the most suitable and best matched protein structure depending on model quality. The different geometric aspects of protein structure were mainly observed through QMEAN, whereas QMEANDisCo improved the local quality of QMEAN by computing the pairwise residue-residue distances with assembles of distance constraints (DisCo) extracted from homologous structures of the proposed model. QMEANBrane is a version of QMEAN which estimated the local quality of membrane protein model in their different segments, viz., membrane, interface and soluble. The protein model quality was further analyzed using ANOLEA (Atomic Non-Local Environment Assessment) and GROMOS [http://swissmodel.expasy. org/workspace/?func=tools_structureassessment1] [14] . The crystallographic protein structures of the retrieved sequences were confirmed using ERRAT server [http://services.mbi.ucla.edu/ERRAT/], a computational-based tool that analyses the statistics of non-bonded interactions among different atoms of a protein sequence [15] . The 3D models of the retrieved proteins were validated through the generation of Ramachandran plot, constructed using PROCHECK [http://www.ebi.ac.uk/thornton-srv/software/PROCHECK/] to find the energetically allowed regions for backbone dihedral angles ψ against φ of the amino acid present in protein structure [16] . The percentages of amino acids residues in favored region, allowed region and outlier region was evaluated by RAMPAGE [http://mordred.bioc.cam.ac.uk/ rapper/rampage.php] [17] .
Functional analysis and protein-protein interactions
To recognize the functional motifs present in the retrieved proteins, MEME (Multiple Extraction-Maximization for Motif Elicitation) tool [http://meme-suite.org/] [18, 19] was used. In order to find out the functional ligand binding sites in the target proteins, 3DLigandSite [http://www.sbg.bio.ic.ac.uk/3dligandsite/] [20] generated the heterogens present in the protein structure facilitating functional binding. A web-based server, EXPASY-PSORT [http://www.psort.org/ psortb/index.html] predicted the sub-cellular location of the proteins. All the three selected dye degrading proteins were analyzed through InterProScan [http://www.ebi.ac.uk/interpro/] and were classified according to their families by predicting the important functional domains. Co-expression of three query proteins laccase, azoreductase and peroxidase with other related proteins were studied with the help of a computational tool, STRING v10.5 [https://string-db.org]. STRING revealed protein-protein association with other closely associated proteins compared to the query sequence and generated the functional networks among them.
Results
Sequence retrieval
Sequences of the three dye degrading proteins, viz., laccase, azoreductase and peroxidase (Laccase 2XU9, Azoreductase AzrA 3W77 and Peroxidase 5GT2), were retrieved from the RCSB-PDB protein database in both FASTA and PDB format. In origin these enzymes are from Thermus thermophilus HB27 (2XU9), Bacillus sp. B29 (3W77) and Escherichia coli K12 (5GT2), respectively.
Physicochemical characterization
Computational analysis of the physicochemical qualities of a protein in turn gives theoretical overview on the behavior and nature of the protein.
In our study, the three important dye degrading proteins were primarily characterized by basic physicochemical parameters such as the number of amino acids, pI, instability index, molecular weight, GRAVY and aliphatic index ( Table 1) . As a result, this analysis confirmed that laccase was chiefly composed of basic amino acids while azoreductase and peroxidase were acidic amino acid consisting proteins. The instability index estimated the following stability of a protein: the value lower than 40 are more stable and higher than 40 may be unstable. In this context, our data revealed that azoreductase (instability index 23.95) was more stable compared to laccase and peroxidase. The aliphatic index determined the thermostable nature of globular proteins based on alanine, valine and leucine amino acids; the higher aliphatic index specified more thermotolerance. Therefore, the higher value of aliphatic index ascertained that all proteins were thermostable in nature. Thermostable enzymes have high specificity and potentiality for many industrial applications [21] . Moreover, all these three proteins were of hydrophilic character as the negative GRAVY value confirmed the better interaction between protein and water [22] .
Primary structure analysis
The primary structure analysis revealed that the aliphatic amino acids leucine and alanine were commonly present in all the three proteins. Compositional difference and the percentage of top five contributing amino acids of these three proteins were represented in Fig. 1a . Aliphatic amino acid valine was present in both laccase and azoreductase whereas cysteine existed in lowest percentage in all the three proteins (0.2%, 0.0% and 1.4% in laccase, azoreductase and peroxidase, respectively). The total number of negatively charged amino acid residues (Asp + Glu) was much higher than the total number of positively charged amino acid residues (Arg + Lys) in all three proteins (Fig. 1b) . In general, all the three proteins were rich in aliphatic amino acids with net negative charges and contain no or very low numbers of cysteine residues.
Secondary structure analysis
Based on primary structure, secondary structure is generally determined in wet lab using various prediction techniques [23] . In computational study, the characteristic features of secondary structure of laccase, azoreductase and peroxidase determined through SOPMA server [12] was presented in Fig. 1d . All of these proteins were commonly rich in random coils, which probably played an important function to predict protein's flexibility and conformational changes like enzymatic turnover. This was in line with our result, where higher percent of amino acid residues in random coils indicated that the proteins had true enzymatic functions. In addition, high percentage of α-helices were found in azoreductase (46.15%) and peroxidase (36.81%) ( Fig. 1d ), signifying the thermal resistance of the proteins based on their intrinsic stability [24, 25] .
Tertiary structure analysis, homology modeling and validation
The numbers of salt bridges present in the tertiary structure of all the three proteins were computed through ESBRI web server and mean distance of the amino acid residues are shown in Fig. 1c . Salt bridge is a connection between a positive (side chain nitrogen in Arg, Lys or His) and a negative atom (side chain oxygen in Asp or Glu) with an interatomic distance less than 7.0 Angstrom [26] . The dominating salt bridges found to be Lys-Asp followed by Arg-Glu. Salt bridges having an important function in stabilizing and destabilizing protein structure [27] with the interatomic mean distances (Fig. 1c) revealed that all the three proteins were energetically favorable stabilized by salt bridges. The Structure Analysis and Verification Server (Saves V 5.0) computed the quality of standard X-ray crystallographic structures of proteins. By analyzing model quality score investigated by different computational tools like ERRAT, Whatcheck, Procheck, and PROVES; this server verified the excellence of protein structure (Fig. 2) . Saves server is very useful to evaluate protein structure both by quality and quantity (PROVE program). It also provided a score based on 3D-1D structure ratio (Table  1 ). Based on the SAVES scores, it may be concluded that all the three proteins of interest had stable crystallographic structure (Fig. 3a, Fig. 3b , Fig. 3c ). For homology modeling, global model quality was estimated using SWISS-MODEL QMEAN tool. The targeted protein structures were compared with non-redundant PDB structures and the predicted results represented in Fig. 2 . QMEAN Z-score of laccase, azoreductase and peroxidase were 1.85, 1.82 and −0.53, respectively ( Fig. 2a, Fig. 2b and Fig. 2c ). The desirable QMEAN score and Z-score of a protein is should optimally be within 0-1 [28] and b 1 [29] . This is in comparison with a non-redundant set of PDB structures to obtain a high-quality model. Local model quality is important for practical application in structure interpretation which was evaluated through SWISS-MODEL and the target-template alignment is predicted in Fig. S1 . The graphs accurately showed local model reliability with the residues along the sequences of laccase, azoreductase and peroxidase ( Fig. 2a, Fig. 2b and Fig. 2c ). In order to evaluate the packaging quality of the model proteins, ANOLEA program was used that calculated the energy of amino acid chains by estimating the "Non-Local Environment" (NLE) of each heavy atom present in protein molecule. The analysis of bio-molecular conformation obtained from computer-based simulation, was performed through a molecular dynamics computer simulation package GROMOS. The Fig.  S2a, Fig. S2b, Fig. S2c1 and Fig. S2c2 represented the result of ANOLEA and GROMOS in which the y-axis of the plot symbolized the energy for each amino acid of the protein chains. Favorable and unfavorable energy environment for a given amino acid were represented by the negative and positive energy values respectively (Fig. S2a, Fig. S2b, Fig.  S2c1, and Fig. S2c2 ). Protein structures were further validated through ERRAT server that analyzed error regions in crystallographic proteins by investigating the statistics of non-bonded atomic interactions [15] . ERRAT quality factor of azoreductase and peroxidase (99.495 and 95.959 respectively) was found to be very satisfactory. The error value of more than 95 exhibited better crystallographic structure of the protein model [15] . The stereo chemical validation of the protein structures were performed through PROCHECK [16] that generated the Ramachandran plots where φ-ψ torsion angles of the amino acid residues were plotted against each other. In quadrant 1 of the Ramachandran plots, some conformations in the allowed region were rare left handed α-helices. Quadrant 2 contained the most favorable sterically allowed conformations of β-strands. Quadrant 3 of the plot contained righthanded α-helices, while the conformation with disfavored region dealt with the quadrant 4 in the plot. In this study, Ramachandran plots (Fig.  3d, Fig. 3e and Fig. 3f ) of laccase, azoreductase and peroxidase models showed that 90.2%, 93.9% and 90.3% residues respectively were in the most favored regions. It again confirmed that the protein models had satisfactory quality. Moreover, three of these models were reliable as they had no or very less residues in disallowed region (Fig. 3d, Fig. 3e and Fig. 3f ). The stereo chemical properties of laccase, azoreductase and peroxidase were predicted through RAMPAGE tool where it generated a number of plots in a PostScript format [30] . The plot analysis exhibited that model protein laccase had 97.7% residues in favored region, 2.1% in allowed region and only 0.2% in outlier region. In case of azoreductase model, the plot had 97.8% residues in favored region, 2.2% in allowed region and nothing in outlier region. Finally, the peroxidase model revealed 96.0% residues in favored region, 3.7% in allowed region and 0.3% in outlier region.
Functional analysis and protein-protein interactions
InterPro scan analysis had predicted the domain position in the proteins. Laccase had three domains: the region from 29-135 with multicopper oxidase-type 3 activity, region 174-262 with multicopper oxidase-type 1 activity and region 325-438 with multicopper oxidase-type 2 activity [http://www.ebi.ac.uk/interpro/]. The protein sequences of laccase represented a Cu-binding site conserved among multicopper oxidases. InterProscan analysis also revealed that the region of 3-203 residues of azoreductase represented a flavodoxin-like fold domain and an open twisted/α-β structure. This structure consisted of five parallel β-sheets surrounded by α-helices, while peroxidase exhibited detail identified dimeric α-β barrel domains. MEME tool takes a number of unaligned DNA/protein sequences similar to the target DNA/protein sequences as input and gives output as motifs of that target DNA/protein. The result of MEME showed the location of motifs in the protein structures [31, 32] . The distribution and location of the three motifs for each protein structure are represented in Fig. S3 . The ligand binding sites in the targeted protein sequences were predicted through 3DLigandSite server that predicted the ligands present in homologous structures. The ligand binding sites in the protein sequences of laccase, azoreductase and peroxidase enzymes are represented in Fig. S3 . This program also computed the heterogens present in the ligand cluster used for prediction. In case of laccase, copper is the heterogen. Whereas, there were two heterogens present in the binding site of azoreductase, namely, Flavin adenine dinucleotide (FAD) and Flavin mononucleotide (FMN). In case of peroxidase, FMN, FAD and Zn were present as heterogens. The prediction of subcellular localization of the proteins was performed through EXPASY-PSORT that predicted that all the three proteins resided in cytoplasm. Protein-protein association as observed from STRING analysis (Fig. 3g, Fig. 3h and Fig. 3i) , that is the multicopper oxidase enzyme laccase showed considerable first shell interaction with other proteins of the same organism having unknown 3D structure. It had also shown putative homologous co-expression with thiosulfate reductase precursor. For azoreductase, all proteins which were exhibiting interactive network with query protein had unknown 3D structure. Finally, peroxidase enzyme exhibited most number of first and second shell co-expression with different proteins of E. coli compared to other two proteins of interest. Thus, by analyzing the interaction networks, peroxidase was seen to have better functional activities.
Discussion
In this study, choices of the enzymes were made on two bases: availability of native sequences without addition of any ligands and its common origin from thermotolerant bacteria. Cellular components of thermotolerant organisms are also thermostable. Apart from high temperature, they are also able to withstand acidic and alkaline denaturants. Thermostable enzymes are highly specific and have considerable potential for many industrial applications [21] which was the principle reason behind choosing the three dye degrading enzymes of thermotolerant bacterial origin. Presence of very low number of cysteine residue and high number of aliphatic amino acids in primary structure indicated that laccase, azoreductase, and peroxidase are intracellular proteins. Since cysteine is hydrophobic and polar; hence, these proteins were also non-polar and hydrophilic in nature. Due to the presence of high percentage of α-helix, azoreductase and peroxidase were considered as more thermostable than laccase. Relationship of α-helix and thermostability is already earlier supported by many reports where structurally stable thermophilic proteins have abundant α-helix region [24, 25, 33] . In all the three models, more than 90% of amino acids were in the favored region of the Ramachandran plot indicating that the models were stable in nature [22, 30] . This result was also supported by the SAVES score where all the three proteins had stable crystallographic structures. From the analyses of SWISS-MODEL QMEAN, ANOLEA and ERRAT, it was also found that all the three protein models were of good quality. Interestingly, overall quality of azoreductase and peroxidase was again found to be more acceptable as detected by ERRAT (99.495 and 95.959 respectively). Salt bridges play a key function in stabilizing and destabilizing protein structures and through this study, all the three proteins were found to be energetically favorable and stabilized by the salt bridges. Overall from the structural analyses, it may be established that azoreductase and peroxidase enzymes have better thermal stability and superior model quality while azoreductase with maximum α-helices content is most thermostable out of the three dye degrading enzymes. InterProScan analysis delivered enzyme family classifications and important functions of the three dye degrading enzymes. It scanned the positions of three domains in laccase; out of which the multicopper oxidases [34] comprised of three different copper centers namely, type 1/blue, type 2/normal and type 3/coupled binuclear. Moreover, this analysis reported that laccase is a 3-domain enzyme which oxidizes different phenols and diamines. InterProScan analysis also revealed that the region of 3-203 residues of azoreductase represents a flavodoxin-like fold domain which is an open twisted/α-β structure. This structure comprised of five parallel β-sheets surrounded by α-helices. Azoreductase is a flavodoxin-containing protein. Furthermore, the analysis also showed that azoreductase contained NADH as an electron donor. This cleaved azo bond and gets reduced into aromatic azo compounds. Peroxidase also exhibited detail identities with dimeric α-β barrel domains, and α + β sandwich fold along with an antiparallel β sheet. This resulted in the formation of a closed barrel. Additionally, the analysis classified the peroxidase enzyme in DyP (for dye de-colorizing peroxidase) family, which is comprised of a novel haem peroxidase [35] involved in degradation of peroxidase substrates as well as several dye-derived anthraquinones. From STRING analysis, it was defined that most of the interacting proteins to the query organisms (laccase and azoreductase) had unknown 3D structure, but they were still showing much interconnecting networks, possibly due to gene neighborhood interaction or gene co-occurrence expression [36] . Overall from the functional analysis, it may be articulated that peroxidase being a universal enzyme has known coexpressive interaction with the identified proteins whereas, laccase and azoreductase may have particularly focused enzymatic activity on dye degradation resulting into co-expressive interactions mostly with the unrecognized proteins. Bacterial origin azoreductase is earlier reported to be functionally stable for azo dye degradation (methyl red, amaranth, and methyl orange) [37] . Whereas, microbial fuel cell containing laccase enzyme are described to treat azo dyes feeding through cathode chamber in a sustainable way [38] .
Conclusion
Our study suggests that model protein structures of all the three dye degrading enzymes, viz. laccase, azoreductase, and peroxidase, stood of good quality having stable crystallographic structures. The physicochemical characterization also revealed that these three dye degrading enzymes were intracellular, hydrophilic and thermostable in nature residing in cytoplasm. All the three enzymes were also found to be energetically favorable stabilized by salt bridges. Peroxidase is already known as a universal enzyme and present in almost all microorganisms. Interestingly, in the present in silico study, peroxidase was recognized almost structurally and functionally similar to the other two-dye degrading enzymes viz., Laccase and azoreductase. Being a universal enzyme, peroxidase has a wide substrate specificity which may be preferred for degrading a broad range of azo dye, but remarkably, azoreductase was observed to be the most interesting enzyme with highest α-helix content directly indicating best thermal resistance. Also, its maximum ERRAT value represented the best protein model quality among all the three dye degrading enzymes. Therefore, it may be concluded that the enzyme azoreductase has the most favorable structural quality among the other dye degrading enzymes which can be further studied for likely industrial applications. This study will also help researchers to understand the important structural-functional properties of industrially important textile dye degrading enzymes and may also help in the necessary laboratory set up to experimentally confirm its activities.
